Life cycle validation, verification, and testing (VV&T) is extremely important for the success of a simulation study. This paper surveys current software VV&T techniques and current simulation model VV&T techniques and describes how they can all be applied throughout the life cycle of a simulation study. The processes and credibility assessment stages of the life cycle are described and the applicability of the VV&T techniques for each stage is stated.
INTRODUCTION
Simulation is the process of constructing a model of a system which contains a problem and conducting experiments with the madel on a computer for a specific purpose of experimentation to solve the problem. Credibility of simulation results not only depends on model correctness, but also is significantly influenced by accurate formulation of the problem. Therefore, validation, verification, and testing (VV&T) techniques must be employed throughout the life cycle of a simulation study starting with problem formulation and culminating with presentation of simulation results.
Model Validation is substantiating that the model, within its domain of applicability, behaves with satisfactory accuracy consistent with the study objectives. Model validation deals with building the right model. It is conducted by running the model under the "same" input conditions that drive the system and by comparing model behavior with the system behavior.
Model Verification is substantiating that the model is transformed from one form into another, as intended, with sufficient accuracy. Model verification deals with building the model right. The accuracy of transforming a problem formulation into a model specification or the accuracy of converting a model representation in micro flowchart into an executable computer program is evaluated in model verification.
Model Testing is demonstrating that inaccuracies exist or revealing the existence of errors in the model. In model testing, we subject the model to test data or test cases to see if it functions properly. "Test failed" implies the failure of the model, not the test. Testing is conducted to perform validation and verification. Some tests are This is a condensed version of a paper with the same title appeared in Annuls of Operations Research volume on Simulation and Modeling [Balci 1994al. devised to evaluate the behavioral accuracy (i.e., validity) of the model, and some tests are intended to judge the accuracy of model transformation from one form into another (verification). Therefore, we commonly refer to the whole process as model VV&T.
Model VV&T is employed to prevent the occurrence of three major types of errors in conducting simulation studies (Balci 1990) : Type I Error is the error of rejecting the model credibility when in fact the model is sufficiently credible. Type II Error is the error of accepting the model credibility when in fact the model is not sufficiently credible. Type ZIZ Error is the error of solving the wrong problem.
Every organization conducting a substantial simulation study should have a department or group called Simulation Quality Assurance (SQA). The SQA group is responsible for total quality management and closely works with the simulation project managers in planning, preparing test cases, and administering some of the VV&T activities throughout the simulation study. The SQA is a managerial approach which is critically essential for the success of a simulation study. Oren (1981 Oren ( , 1986 Oren ( , 1987 presents concepts, criteria, and paradigms which can be used in establishing an SQA program within an organization.
The purpose of this paper is to survey current software VV&T techniques and current model VV&T techniques and describe how they can all be applied throughout the life cycle of a simulation study. Section 2 presents the life cycle of a simulation study and provides guidelines for conducting its ten processes. The VV&T techniques are briefly described under a taxonomy in Section 3 . Section 4 describes the credibility assessment stages of the life cycle and shows the applicability of the VV&T techniques for each stage. Concluding remarks and research directions are given in Section 5.
LIFE CYCLE OF A SIMULATION STUDY
The life cycle of a simulation study is presented in Figure 1 (Balci 1990; Nance 1994) . The phases are shown by shaded oval symbols. The dashed arrows describe the processes which relate the phases to each other. The solid arrows refer to the credibility assessment stages. Banks et al. (1987) The VV&T is not a phase or step in the life cycle, but a continuous activity throughout the entire life cycle. Conducting the VV&T for the first time in the life cycle when the experimental model is complete is analogous to the teacher who gives only a final examination (Hetzel 1984) . No opportunity is provided throughout the semester to notify the student that he or she has serious deficiencies. Severe problems may go undetected until it is too late to do anything but fail the student. Frequent tests and homeworks throughout the semester are intended to inform the students about their deficiencies so that they can study more to improve their knowledge as the course progresses.
The situation in the VV&T is exactly analogous. The VV&T activities throughout the entire life cycle are intended to reveal any quality deficiencies that might be present as the simulation study progresses from the communication of the problem until the implementation of the simulation results. This allows us to identify and rectify quality deficiencies during the life cycle phase in which they occur.
The ten processes of the life cycle are shown by the dashed arrows in Figure 1 . Although each process is executed in the order indicated by the dashed arrows, an error identified may necessitate returning to an earlier process and starting all over again. Some guidelines are provided in (Balci 1994a) for each of the ten processes. Figure 2 shows a taxonomy which categorizes the VV&T techniques into six distinct credibility assessment perspectives: informal, static, dynamic, symbolic, constraint, and formal. The level of mathematical formality of each category increases from very informal on the far left to very formal on the far right. Likewise, the complexity also increases as the category becomes more formal (Whitner and Balci 1989) .
VALIDATION, VERIFICATION, AND
It should be noted that some of the categories presented in Figure 2 possess similar characteristics and in fact have techniques which overlap from one category to another. However, a distinct difference between each classification exists.
TESTING TECHNIQUES
The techniques are described in (Balci 1994a) . Informal VV&T techniques are among the most commonly used ones. They are called informal because the tools and approaches used rely heavily on human reasoning and subjectivity without stringent mathematical formalism. The "informal" label does not imply any lack of structure or formal guidelines for the use of the techniques.
Static Static VV&T techniques can obtain a variety of information about the structure of the model, coding techniques and practices employed, data and control flow within the model, syntactical accuracy, and internal as well as global consistency and completeness of implementation (Whitner and Balci 1989) .
Dynamic VV&T techniques require model execution and are intended for evaluating the model based on its execution behavior. Most dynamic VV&T techniques require model instrumentation.
The insertion of additional code (probes) into the executable model for the purpose of collecting information about model behavior during execution is called model instrumentation. Probe locations are determined manually or automatically based on static analysis of model structure. Automated instrumentation is accomplished by a preprocessor which analyzes the model static structure (usually via graph-based analysis) and inserts probes at appropriate places.
Dynamic VV&T techniques are usually applied using the following three steps. In Step 1, the programmed or experimental model is instrumented. In
Step 2, the instrumented model is executed, and in
Step 3, the model output is analyzed and dynamic model behavior is evaluated.
Much research has been conducted in applying statistical techniques for dynamic VV&T. Balci (19944 presents the statistical techniques proposed for model validation and lists related references.
The statistical techniques generally require that the system being modeled is completely observable, i.e., all data required for model validation can be collected from the system. Model validation is conducted by using the statistical techniques to compare the model output data with the corresponding system output data when the model is run with the "same" input data that derive the real system. Due to the multiple response problem (Shannon 1975) , the comparison of model and system outputs must be carried out by using a multivariate statistical technique to incorporate the correlations among the output variables.
A validation procedure based on the use of simultaneous confidence intervals is presented in (Balci 1994a) . Whenever possible, a multivariate statistical technique should be used to conduct model validation.
Symbolic VV&T techniques, like dynamic VV&T techniques, are used to evaluate the dynamic behavior of the model during execution. In symbolic analysis, symbolic inputs are provided to a simulation model as input and expressions are produced as output which are drived from the transformation of the symbolic data along model execution paths.
Constraint VV&T techniques are employed to assess model correctness using assertion checking, boundary analysis, and inductive assertions.
Formal VV&T techniques are based on formal mathematical proof of correctness. If attainable, formal proof of correctness is the most effective means of model VV&T. Unfortunately, "if attainable" is the overriding point with regard to formal VV&T techniques. Current state-of-the-art formal proof of correctness techniques are simply not capable of being applied to even a reasonably complex simulation model. However, formal techniques serve as the foundation for other VV&T techniques.
CREDIBILITY ASSESSMENT STAGES
It is very important to understand the principles of simulation model VV&T when applying the VV&T techniques throughout the entire life cycle of a simulation study. Balci (1994b) presents 15 principles that help the researchers, practitioners and managers better understand what model VV&T is all about. These principles serve to provide the underpinnings for the VV&T techniques described in Section 3. Understanding and applying these principles is crucially important for the success of a simulation study. Table 1 marks the VV&T techniques that are applicable for each of the ten credibility assessment stages described in (Balci 1994a) . The more of these techniques we apply the more confidence we gain in the credibility of a life cycle phase. The VV&T activities should continue until a sufficient level of confidence is achieved.
CONCLUDING REMARKS AND RESEARCH DIRECTIONS
The life cycle application of VV&T is extremely important for successful completion of complex and largescale simulation studies. This point must be clearly understood by the sponsor of the simulation study and the organization conducting the simulation study. The sponsor must furnish funds under the contractual agreement and require the contractor to apply VV&T throughout the entire life cycle. Assessing credibility throughout the life cycle of a simulation study is an onerous task. Applying the VV&T techniques throughout the life cycle is time consuming and costly. In practice, under time pressure to complete a simulation study, the VV&T and documentation are sacrificed first. Computer-aided assistance for the VV&T is required to alleviate these problems. More research is needed to bring automation to the application of the VV&T techniques.
Integration of VV&T with model development is crucial. This integration is best achieved within a computer-aided simulation software engineering environment (Balci 1986; Balci and Nance 1987) . More research is needed for this integration.
How much to test or when to stop testing depends on the study objectives. The testing should continue until we achieve sufficient confidence in credibility and acceptability of simulation results. The sufficiency of the confidence is dictated by the study objectives.
Establishing a simulation quality assurance (SQA) program within the organization conducting the simulation study is extremely important for successful credibility assessment. The SQA management structure goes beyond VV&T and is also responsible for assessing other model quality characteristics such as maintainability, reusability, and usability (human-computer interface). The management of the SQA program and the management of the simulation project must be independent of each other and neither should be able to overrule the other (Schach 1993) .
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